Abstract Objective: Dynamic imaging provides insight into aortic shape changes throughout the cardiac cycle. These changes may be important for proximal aortic stent graft fixation, sealing and durability. The objective of this study is to analyse the influence of different types of stent grafts on dynamic changes of the aneurysm neck. Methods: Pre-and postoperative electrocardiography (ECG)-gated computed tomographic angiography (CTA) scans were obtained in 30 abdominal aortic aneurysm (AAA) patients, 10 each from three different types of stent grafts (10 Talent, Endurant, and Excluder). Each dynamic CTA dataset consisted of eight reconstructed images over the cardiac cycle. Aortic area and radius changes during the cardiac cycle were determined at two levels: (A) 3 cm above and (B) 1 cm below the lowermost renal artery. Radius changes were measured over 360 axes, and plotted in a polar plot. An ellipse was fitted over the plots to determine radius changes over the major and minor axis for assessment of the asymmetric aspect and most prominent direction of distension. Results: Baseline characteristics did not differ significantly between the three groups. Preoperatively, the aortic area increased significantly (p < 0.001) over the cardiac cycle in all patients at both levels: (A) mean increase 8.3 AE 4.1% (2.0e17.3%); (B) mean increase 5.9 AE 4.2% (1.9e12.4%). The postoperative aortic area increase over the cardiac cycle did not differ significantly from preoperative increases: (A) mean increase 9.9 AE 2.2% (4.4e 20.0%); (B) mean increase 7.7 AE 2.4% (3.8e12.4%). The difference between radius change over the major and minor axis was significant both pre-and postoperatively for all three stent grafts, indicating asymmetric distension. Suprarenal, the distension showed a tendency to
right-anterior and infrarenal to left-anterior. The distension and direction of the aortic expansion was preserved after stent grafting. There were no differences between the three types of stent grafts regarding their impact on the aortic distension or direction of this distension. Conclusion: The aorta expands significantly and asymmetrically throughout the cardiac cycle. After implantation of abdominal aortic stent grafts, the aortic distension and direction of distension remain equally preserved in all three groups. The three stent graft types studied seem to be able to adapt to the asymmetric dynamic aortic shape changes. ª 2009 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
The purpose of endovascular aneurysm repair (EVAR) is successful exclusion and depressurisation of an abdominal aortic aneurysm (AAA) sac by placement of a stent graft. 1 Adequate proximal sealing and fixation of a stent graft is regarded especially important in achieving a durable result after EVAR. 2 Therefore, the appropriate stent graft selection, size and design are of great value.
Stent graft selection and sizing is most commonly based on static computed tomographic angiography (CTA) scans. With the current high-speed CTA acquisition times, these images might be acquired at any time in the cardiac cycle, ranging from systole to diastole. This is important since the cardiacinduced aortic wall motion, in both patients with and without AAAs, is significant at several for EVAR relevant levels. Heartbeat-dependent diameter changes complicate stent graft sizing and selection, and the use of static CTA images alone might lead to improper stent-graft selection and sizing.
Next to this significant aortic pulsatility, it has also been noted that the expansion of the aortic aneurysm's neck in patients with an AAA is anisotropic. 2, 3 Recently, this asymmetric expansion has been quantified, by both intravascular ultrasound and ECG-gated magnetic resonance imaging (MRI) studies. 3, 6 In a previous study from our group, the direction of the aortic expansion above the renal arteries, the landing zone for suprarenal bare stents, showed a tendency to rightanterior. Below the renal arteries, however, the tendency of the expansion was not to right, but to left-anterior. 6 It is imaginable that there might be a relationship between the (asymmetric) aortic distension and the incidence of proximal fixation-and sealing-related complications. Proximal (intermittent) type I endoleaks and stent graft migration might be prevented by the use of stent grafts that are able to adapt to the cardiac-induced aortic shape changes. Nevertheless, the extent of adaptation of (currently in-use) stent grafts to, and the influence on the aortic motions are largely unknown.
The examination of potential differences between stent grafts might lead to altered stent graft selection, and equally important, to changes in design of future stent grafts. Next to the influence on aortic area and diameter changes, it is equally important whether a stent graft is able to adapt to, or has influences on, the direction of the aortic expansion. 6 The ability or inability of a stent graft to adapt to aortic shape changes might change physiologic haemodynamic flow patterns and influence the durability results of EVAR.
The purpose of this study is to use ECG-gated CTA scans to examine aortic shape changes (area and diameter) and the asymmetric aspect of these changes at different levels in the aneurysm neck, both pre-and postoperatively, for three different types of stent grafts. Consequently, we examine the influence of these stent grafts on aortic wall motions.
Methods Patients
Pre-and postoperative retrospective ECG-gated CTA scans of 30 patients with AAAs (27 men, median age 72 years, range 55e90 years) were obtained for three different types of stent grafts (10 Talent (Medtronic, Minneapolis, MN, USA), 10 Endurant (Medtronic) and 10 Excluder (Gore, Flagstaff, AZ, USA)). We selected 10 consecutive patients, meeting the inclusion criteria, for the three different stent graft types out of our vascular database. Patients had to meet the following inclusion criteria: (a) AAA neck length of more than 20 mm, (b) angulation between the suprarenal abdominal aorta and AAA neck (a) of <45 and angulation between the AAA neck and the AAA sac (b) of <45 and (c) aneurysm neck diameter of <30 mm.
Imaging
All CTA scans were performed on a 64-or 256-slice helical CT scanner (Philips Medical Systems, Best, the Netherlands; values for 256-slice scanner are stated between brackets) with a standardised acquisition protocol. Scan parameters were: slice thickness 0.9 mm (0.9), increment 0.7 mm (0.7), collimation 64 Â 0.625 mm (128 Â 0.625) and pitch 0.25 (0.2). Field of view was 250 Â 250 mm (250 Â 250) and the reconstructed matrix size was 512 Â 512 (512 Â 512) resulting in a voxel size of 0.5 Â 0.5 Â 0.9 mm (0.5 Â 0.5 Â 0.9). Radiation exposure parameters were 120 kVp (120) and 300 mA (250), resulting in a CT dose index (CTDI vol ) of 17.6 mGy (16.5). Intravenous non-ionic contrast (120 ml) (Iopromide, Schering, Berlin, Germany), followed by a 60-ml saline chaser bolus, was injected at a rate of 6 ml/s. The scan was started using bolus triggering software with a threshold of 100 HU over the baseline. Images were acquired from the coeliac trunk to the ischial tuberosities. Retrospective ECG-gated reconstructions were made at eight equidistant time points over the cardiac cycle. All images were acquired during a single breath-hold phase.
Analysis
Multiplanar reconstructions of the eight images per cardiac cycle were made perpendicular to the centre lumen line of the aorta. Reconstructions were made at two levels: 3 cm above the most distal renal artery (level A), and 1 cm below the most distal renal artery (level B).
The reconstructed dynamic images were analysed using Dynamix software (Image Science Institute, University Medical Center, Utrecht, the Netherlands). First, a region of interest of the dynamic images was manually selected. The region of interest of the eight images per cardiac phase was supersampled (with a factor of 8) by using linear interpolation in the lefteright and antero-posterior direction. In-plane supersampling was performed to obtain smoother segmentation of the aortic lumen. Second, semiautomatic segmentation of the aortic lumen was performed. A seeding point was placed manually inside the aortic lumen and a minimum intensity value of the lumen pixels was defined. A region-growing algorithm was applied thereafter to automatically segmentate the aorta. The segmentations were reviewed and minor corrections were made manually, if necessary.
After segmentation of the aortic lumen, areas and minimum/maximum diameters were calculated. Diameter measurements were performed from the outer to the outer vessel wall, through the centre of mass (COM) of the aortic lumen over 180 axes (with an angular increment of 1 ) during the cardiac cycle. The difference between the average minimum and average maximum diameter and area of the different phases are presented (pulsatility).
The direction of the aortic distension was calculated by a process which has been described before. 4, 6 Radius changes were measured through the COM of the aortic lumen over 360 axes (with an angular increment of 1
) and plotted as a function of angle. With the use of Direct Least Square Fitting of Ellipses in Matlab computing software (Version 7.5, The Mathworks Inc., Natick, MA, USA) an ellipse was fitted over this plot. 7 The radius change over the major (Ra) and minor (Rb) axis and the angle of the major axis of this ellipse were automatically calculated. This angle indicates the deviation of the major axis from the antero-posterior direction. Zero degree was defined as the antero-posterior direction, a deviation of þ90 corresponds to left and a deviation of À90 corresponds to right. The mean orientation of all patients is calculated with the orientation anterior. All these anterior orientations are also mirrored in the posterior direction, due to the periodicity of the elliptical radial system. Asymmetry of the aortic expansion is calculated by dividing the radius change over the major axis (Ra) by the radius change over the minor axis (Rb).
A second observer also performed all segmentations for calculation of the inter-observer repeatability of the used methods, which was calculated according to Bland and Altman. 8 Data on area, diameter and radius are presented as mean AE standard deviation (SD) and range. Data on asymmetry ratio are presented as median with interquartile range (IQR) and range. Statistical analysis of changes in area, diameters and radius changes were performed using the Student's t test for paired data. The three different patient groups were compared with the use of the Student's t test for unpaired data. Statistical significant difference was assumed at p < 0.05.
Results
Thirty AAA patients meeting our inclusion criteria were included, with the following baseline characteristics: mean aneurysm diameter of 5.6 AE 0.8 cm (range: 4.4e7.9), mean aneurysm neck length of 3.5 AE 1.3 cm (2.1e7.0), mean a angle of 18 AE 10 (0e40), mean b angle of 24 AE 11 (0e44) and a mean aneurysm neck diameter of 23.6 AE 3.4 mm (18.1e30.0). The postoperative CTAs were acquired after a median of 2 days (1e7). There were no significant differences between the baseline characteristics of the three groups.
Aortic diameter
The aortic diameter demonstrated significant changes during the cardiac cycle in all patients at both measured levels, in both pre-and postoperative CTAs (p < 0.001).
Preoperatively, the mean diameter change 3 cm above the most distal renal artery (level A) in patients with a Talent stent graft was 6.4 AE 2.0% (range 4.2e9.8%) and 1 cm below the most distal renal artery (level B) 5.5 AE 1.3% (3.9e8.3%). In patients with an Excluder stent graft, the mean diameter change at level A was 5.8 AE 1.8% (2.2e9.1), and at level B, 5.4 AE 2.0% (2.2e9.3). In the Endurant group, the mean diameter change at level A was 6.7 AE 2.4% (2.7e10.6) and 5.5 AE 1.3% (3.3e7.6) at level B. The corresponding absolute values can be found in Table 1 . The mean diameter and mean diameter change was not significantly different between the three groups (p > 0.1).
Postoperatively, the mean diameter change 3 cm above the most distal renal artery (level A) in patients with a Talent stent graft was 6.8 AE 2.0% (4.9e10.5), and 1 cm below the most distal renal artery (level B) 6.4 AE 1.0% (5.1e7.8). In patients with an Excluder stent graft, the mean diameter change at level A was 6.7 AE 2.5% (4.0e11.8), and at level B 5.8 AE 0.8% (4.9e7.2). In the Endurant group, the median diameter change at level A was 7.9 AE 1.8% (6.1e10.8) and 6.3 AE 1.4% (3.8e8.6) at level B. The corresponding absolute values can be found in Table 1 . In all three groups, and in all patients, there were no statistical differences between pre-and post-EVAR mean diameter changes at any of the measured levels (p > 0.1). The mean diameter change was not significantly different among the three groups (p > 0.1). The inter-observer variability for diameter changes was 0.9 mm.
Aortic area
The aortic area changed significantly during the cardiac cycle in all patients at the two measured levels, in both pre-and postoperative CTAs (p < 0.001).
Preoperatively, the mean area change 3 cm above the most distal renal artery (level A) in patients with a Talent stent graft was 8.5 AE 4.9% (2.3e17.3), and 1 cm below the most distal renal artery (level B) 5.8 AE 1.4% (3.6e8.0). In patients with an Excluder stent graft, the mean aortic area increase per cardiac cycle was 8.1 AE 3.5% (2.8e15.8) at level A and 6.0% AE 2.3% (2.0e10.6) at level B. The mean aortic area increase at level A in the Endurant group was 8.2 AE 4.4% (2.0e17.1) and 5.8 AE 3.0% (1.9e12.4) at level B.
The absolute values of the minimum and maximum areas can be found in Table 2 . The mean area and mean area increase did not differ significantly between the three groups (p > 0.1).
Postoperatively, the mean area increase at level A in patients with a Talent stent graft was 9.9 AE 4.0% (4.6e 17.9), and 7.9 AE 2.2% (3.8e11.1) at level B. The mean aortic area increase in patients with an Excluder device at level A was 9.3% AE 4.6% (4.8e19.5) and 6.7 AE 1.6% (4.7e 10.3) at level B. In the group with an Endurant stent graft, the mean aortic area increase at level A was 10.6 AE 4.4% (4.4e20.3) and 8.4 AE 2.9% (4.0e12.4) at level B. The corresponding absolute values can be found in Table 2 . There were no statistically significant differences between the pre-and postoperative aortic area increase per heartbeat (p > 0.1). The mean area change was not significantly different among the three groups (p > 0.1). The interobserver variability for area changes was 24.3 mm 2 .
Direction of distension
The results are shown in Figs. 1e4. There was a significant difference between radius change over the major and minor axes in all patients at all levels studied (p < 0.01).
Suprarenal (level A)
The results of the suprarenal level A are shown in Figs. 1 and 2. Preoperatively in the Talent group, the mean radius change over the major axis was 1.0 AE 0.3 mm (0.7e1.5) and 0.8 AE 0.2 mm (0.5e1.1) over the minor axis. The mean orientation of the major distension axis was À16.5 AE 31.9 (-73 À27), which indicates right-anterior. Median asymmetry ratio was 1.38 (IQR 1.25e1.45, range 1.12e1.72). Postoperatively, the mean radius change over the major axis was 1.2 AE 0.4 mm (0.7e2) and 0.8 AE 0.1 mm (0.6e1.0) over the minor axis in this group. The mean orientation of the major distension axis was À24.8 AE 34.5 (-84.0e20.6). Median asymmetry ratio was 1.34 (IQR 1.20e1.67, range 1.02e2.15).
In the Excluder group, the preoperative mean radius change over the major axis was 1.0 AE 0.3 mm (0.5e1.5) and 0.8 AE 0.2 mm (0.4e1.0) over the minor axis. The mean orientation of the major distension axis was 7.4 AE 46.9 (-75e85). The median asymmetry ratio was 1.31 (IQR 1.21e1.45, range 1.08e1.53). Postoperatively, the mean radius change over the major axis was 1.1 AE 0.3 mm (0.7e1.7) and 0.9 AE 0.3 mm (0.6e1.6) over the minor axis. The mean orientation of the major distension axis was À0.8 AE 44.9
(-68e74). The median asymmetry ratio was 1.35 (IQR 1.22e1.51, range 1.06e1.71).
The preoperative mean radius change over the major axis in the Endurant group was 1.2 AE 0.4 mm (0.6e1.8) and 0.9 AE 0.3 mm (0.5e1.2) over the minor axis. The mean orientation of the major distension axis was À26.2 AE 24.0 (-62.7e12.7). The median asymmetry ratio was 1.33 (IQR 1.22e1.38, range 1.09e1.95). Postoperatively, the mean radius change over the major axis was 1.3 AE 0.3 mm (0.7e1.8) ). The maximum and minimum area and the area change per cardiac cycle are shown. There were no statistically significant differences between the pre-and postoperative values in all 3 groups at both levels.
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Infrarenal (level B)
The results of level B are shown in Figs. 3 and 4 .
Preoperatively, the mean radius change over the major axis was 0.9 AE 0.2 mm (0.4e1.4) and 0.7 AE 0.1 mm (0.4e0.9) over the minor axis in the Talent group. The mean orientation of the major distension axis was 16.4 AE 47.7 (-76.1e68.7), which indicates left-anterior. Median asymmetry ratio was 1.34 (IQR 1.17e1.38, range 1.05e1.65). Postoperatively, the mean radius change over the major axis was 1.1 AE 0.2 mm (0.8e1.6) and 0.8 AE 0.2 mm (0.6e1.1) over the minor axis in this group. The mean orientation of the major distension axis was 21.7 AE 60.5 (-76.8e82.5). Median asymmetry ratio was 1.31 (IQR 1.19e1.40, range 1.08e1.59).
In the Excluder group, the preoperative mean radius change over the major axis was 0.8 AE 0.3 mm (0.4e1.3) and 0.6 AE 0.2 mm (0.3e0.9) over the minor axis. The mean orientation of the major distension axis was 31.8 AE 29.5 (-12.7e88.6). The median asymmetry ratio was 1.37 (IQR 1.29e1.43, range 1.19e1.77). Postoperatively, the mean radius change over the major axis was 0.9 AE 0.2 mm (0.6e1.3) Figure 2 Box plot showing the asymmetry ratio in the 3 different groups at level A. Asymmetry ratio is calculated as radius change over the major axis divided by radius change over the minor axis (Ra/Rb). The dashed line is a ratio of 1.0, which represents symmetric expansion. Pre Z pre-operative. Post Z postoperative. Figure 3 The mean radial distension (mm) in the 3 different groups at level B is presented with the standard deviation (error bars). At each level, the radius change over the minor and major axis differed significantly both pre-and postoperatively (*p < 0.05). Pre Z pre-operative. Post Z postoperative. Figure 1 The mean radial distension (mm) in the 3 different groups at level A is presented with the standard deviation (error bars). At each level, the radius change over the minor and major axis differed significantly both pre-and postoperatively (*p < 0.05). Pre Z pre-operative. Post Z postoperative. Figure 4 Box plot showing the asymmetry ratio in the 3 different groups at level B. Asymmetry ratio is calculated as radius change over the major axis divided by radius change over the minor axis (Ra/Rb). The dashed line is a ratio of 1.0, which represents symmetric expansion. Pre Z pre-operative. Post Z postoperative. orientation of the major distension axis was 0.4 AE 47.8 (-80.2e68.1). The median asymmetry ratio was 1.37 (IQR 1.25e1.35, range 1.18e2.01).
The preoperative mean radius change over the major axis in the Endurant group was 0.9 AE 0.2 mm (0.7e1.3) and 0.7 AE 0.1 mm (0.6e1.0) over the minor axis. The mean orientation of the major distension axis was 0.4 AE 40.5 (-75.1e83.5). The median asymmetry ratio was 1.27 (IQR 1.22e1.34, range 1.07e1.47). Postoperatively, the mean radius change over the major axis was 1.0 AE 0.2 mm (0.7e1.3) and 0.8 AE 0.1 mm (0.6e0.9) over the minor axis. The mean orientation of the major distension axis was 7.0 AE 53.8 (-64.9e81.5). The median asymmetry ratio was 1.34 (IQR 1.22e1.38, range 1.08e1.68). For all three stent graft groups together, the preoperative mean orientation of the major distension axis was 16.2 AE 42.0 (-76.1e88.6), and postoperative 12.2 AE 55.0 (-80.2e82.5), which both indicates left-anterior. The inter-observer variability for radius change was 0.5 mm. Inter-observer variability for the direction of the major axis was 62 .
Discussion
In this study, we found that three current in-use stent grafts seem to be able to adapt to the pulsatility of the abdominal aorta. Preoperatively, the aorta expands significantly and asymmetrically during the cardiac cycle at several levels that are relevant for EVAR. After the implantation of the studied stent grafts, the degree as well as the direction of the distension remains equal compared with preoperative values.
To the best of our knowledge, this is the first study comparing the influence of different stent graft types on aortic wall motion. We observed that the placement of several stent graft types did not influence the aortic expansion per heartbeat and found no differences between the several stent graft types. In relatively small studies, it was shown before that the placement of an aortic stent graft did not influence the aortic area or diameter distension per heartbeat. 2, 5, 9 However, those studies did not compare different stent graft types nor investigated the direction of the aortic distension.
We have evaluated the direction of this distension both pre-and postoperatively, and found both the pre-and postoperative distension to be asymmetric. Asymmetric aortic distension was noted in previous studies. 2, 3, 10 Only two studies previously quantified the asymmetric distension, 3, 6 one of which used the same ellipse-fitting procedure as applied in this study. 6 In this previous dynamic MRI study, it was noted that the suprarenal aortic distension showed a tendency to right-anterior, while in the case of infrarenal, there was a tendency to left-anterior.
It is important to acknowledge that the aortic expansion is asymmetric. The stent grafts implanted in the aorta must be able to adapt to this asymmetric distension. Therefore, the most proximal part of the stent grafts should probably be flexible and compliant and self-expandable with a high radial force.
The levels that we studied are both relevant landing zones for EVAR. The suprarenal level, measured 3 cm proximal to the most distal renal artery, might be the landing zone for suprarenal bare extensions. The infrarenal level, 1 cm below the most distal renal artery, is a relevant landing zone for most stent grafts. At those levels, the aortic area and diameter changes were measured per heartbeat.
Two of the three studied stent grafts have a proximal transrenal bare extension (<3 cm) for suprarenal fixation. This suprarenal fixation does not seem to influence the aortic suprarenal dynamics. Further, no other differences between the several stent graft types where found. It is possible that the three included stent grafts are too much similar in their proximal shape and fixation techniques.
Our study has some limitations. Although we were able to correct for the in-plane movement of the aorta, we could not correct for movement out of plane. Moreover, the influences of the stent grafts on aortic dynamics were studied a relatively short time after implantation of the stent grafts. It is not unimaginable that the aortic motions might be altered several years after the implantation of a stent graft. Further, all measurements in this study were performed semi-automatically and minor manual adjustments were required in about 30% of all scans. A major limitation of this study is the inter-observer variability for the measurement of the direction of the major axis and radius changes. The reported inter-observer variabilities signify that our results should be interpreted with care (inter-observer variability for radius change 0.5 mm; for direction of the major axis 62
; for area change 24.3 mm 2 ). Although the inter-observer variability for radius change, regarding the voxel size of 0.5 Â 0.5 Â 0.9 mm, seems very large, one should not forget that we were able to measure subvoxel changes (changes within the spatial resolution). This was accomplished by upsampling of the images by a factor of 8 in both the x and y directions. Finally, although all CTAs used in this study are performed for regular follow-up, we should not forget the radiation exposure to patients caused by a CTA. The radiation exposure parameters of our dynamic protocol are comparable with those of static protocols, but we should take into account that the radiation burden of EVAR patients is substantial. 11, 12 The three studied stent grafts do not seem to influence the aortic distension or direction of distension. Although the current observations are valuable, we cannot conclude that the three stent grafts adapt perfectly to the asymmetric aortic expansion. Nevertheless, it is promising that the three studied stent grafts, with a standard oversizing regime of 15e20% (according to local protocol), do not seem to alter the aortic dynamics at the studied levels. Since the stent grafts are oversized that much, it is very likely they would change the distension, or the direction of the distension, if they would not adapt to the heartbeat-dependent aortic changes. Nevertheless, it is likely that the asymmetric distension of the aorta applies different forces on the stent grafts than symmetric expansion would do. The continuous asymmetric pulsatile aortic expansion may result in mechanical stress on the grafts, which subsequently may have consequences for EVAR durability. Therefore, the consequences of a pulsatile asymmetric expansion on symmetrically shaped stent grafts on the long term have to be studied, and are awaited with interest.
Conclusion
In this study, we have shown that the aorta expands significantly and asymmetrically throughout the cardiac cycle at several relevant levels for EVAR. The asymmetric aortic distension is preserved after the placement of three different types of stent grafts. The three studied stent grafts do not alter the aortic shape changes throughout the cardiac cycle, but probably adapt to these changes equally.
